N early 6 million adults are admitted annually to intensive care units (ICUs) in the United States, and hospital expenditures for ICU patients exceed $70 billion each year. 1 Given the complexity of contemporary ICU patients, many hospitals have designated specialty ICUs to improve resource utilization and clinical outcomes when treating patients with primary cardiac, surgical, medical, or neurologic diagnoses. 2, 3 For example, patients with acute myocardial infarction (AMI) admitted to an ICU often require specialized management strategies such as early recognition and treatment of ventricular arrhythmias, unique anticoagulation therapies, and use of intra-aortic balloon pump or ventricular assist devices. 4 These AMI therapies may require skills, resources, and experience that are not readily available in ICUs with lower annual AMI volume. Although several studies have demonstrated better outcomes among AMI patients treated by physicians or hospitals with higher patient volume, 5, 6 these volume-outcome relationships have not been explored at the ICU level.
To better understand the relationship between ICU experience and AMI outcomes, we used a multicenter clinical ICU database to identify and characterize ICUs with low AMI volume (LMIV) and those with high AMI volume (HMIV). We then evaluated whether management of AMI patients in ICUs with LMIV is associated with differences in mortality, lengthof-stay, or quality metrics for AMI when compared with patients admitted to ICUs with HMIV.
Methods

Patient Population
The data source for this observational study is the Philips eICU Research Institute (eRI) data repository, a multicenter clinical database of 795 780 patients admitted to 348 ICUs between January 2008 and September 2010. The eICU â is a remote ICU monitoring system that provides medical oversight for ICU patients from centralized monitoring centers at >300 hospitals across the United States. 7 We identified 35 806 adult patients with AMI as the admitting ICU diagnosis within the eRI repository ( Figure 1 ). Only the first ICU admission per patient was included. To avoid confounding from patients who received minimal ICU management prior to death or transfer (eg, to the operating room for bypass surgery, or to another ICU), patients with an ICU length of stay of <2 hours were excluded. We also excluded patients with non-ICU status (ie, overflow from medical floors or "stepdown" units), patients who remained hospitalized at the end of the eRI data collection period in September 2010, and those with missing or invalid Acute Physiology And Chronic Health Evaluation-Fourth Revision (APACHE-IV â ) scores. 8 In order to focus on ICU triage at hospitals with multiple specialty ICUs, hospitals with ≤250 beds were excluded, as these hospitals were expected to have fewer ICUs and more combined units (medical-cardiac ICU, medical-surgical ICU, etc), which could confound the interpretation of ICU triage for AMI patients. After applying these inclusion and exclusion criteria, there were 22 554 unique patient admissions eligible for analysis. When evaluating annual AMI volume across ICUs, the distribution curve was continuous from the lowest to the highest AMI volume per ICU. As a result, there was no clear cut point for evenly dividing the analytic cohort into ICUs with low versus high AMI volume. Since our goal was to specifically evaluate whether any relationship existed between admission to an ICU with limited AMI experience and differential patient characteristics and outcomes, we elected to sacrifice statistical power to maximize interpretability of the study findings. As such, patients admitted to ICUs with intermediate AMI volume were excluded to provide the best opportunity to compare patients in ICUs with "unequivocal" experience treating AMI versus those ICUs with much more limited AMI experience. We therefore defined ICUs at or below the 50th percentile of annual AMI admissions per year as LMIV-ICUs, and ICUs at ≥90th percentile of annual AMI admission volume as HMIV-ICUs. This translated into HMIV units admitting at least 8 AMI patients per month, and LMIV units admitting fewer than 1.3 AMI patients per month.
Data Definitions
Patient-level medical diagnoses were systematically collected for APACHE-IV scoring by eICU nurses or other staff, according to the standard clinical protocol at each eICU monitoring center. Diagnoses for the present study were derived from the APACHE-IV data, 9 with study inclusion based on AMI as the primary reason for ICU admission, and other diagnoses drawn directly from the active problem list for each patient. When specific medical comorbidities were not captured by APACHE, these additional diagnoses were obtained from the International Classification of DiseasesNinth Revision codes at ICU admission. Medications, vital signs, and laboratory studies were obtained directly from the eRI data repository, as previously described. 10 The Acute
Physiology Score-a measure of acute illness severity at presentation-also was calculated for each patient.
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Study Outcomes
The primary outcomes for the multivariable analyses were hospital length-of-stay and in-hospital mortality. Secondary outcomes were ICU length-of-stay and ICU mortality. Additionally, Figure 1 . Study flow outlining inclusion and exclusion criteria for ICU patients admitted primarily for AMI. AMI indicates acute myocardial infarction; APACHE, Acute Physiology And Chronic Health Evaluation; eICU, remote ICU monitoring system; ICU, intensive care unit.
we examined standard quality metrics for patients with AMI (bblocker use among patients without contraindications, aspirin within the first 24 hours, statin prescription during hospitalization, oral antiplatelet therapy for AMI) and for ICU care in general (prophylaxis against venous thromboembolism among patients at risk, stress ulcer prophylaxis with mechanical ventilation >24 hours) ( Table 1) . 12 Since the eICU acts as a second level of medical oversight for ICU patients beyond bedside nurses and physicians at individual hospitals, the number of eICU interventions per patient (by remote physicians and by eICU nurses/pharmacists) also was calculated for each patient, as an additional marker of resource utilization.
Statistical Approach
We first compared characteristics of ICUs with LMIV and HMIV using t test, v 2 , and nonparametric alternatives, as appropriate. We then compared patient characteristics and AMI quality indicators of AMI patients admitted to LMIV and HMIV units. Mortality rates for patients admitted to ICUs with LMIV and HMIV were compared using v 2 tests. To determine whether admission to an ICU with LMIV was independently associated with higher mortality, modified Poisson regression with robust error variance (to account for clustering within an ICU) was used to estimate the relative risk of death for patients admitted to an ICU with LMIV after adjusting for patient characteristics. This analysis was performed using in-hospital mortality as the primary outcome, but given the potential impact of ICU management on early mortality after admission for AMI, the regression models were rerun using ICU mortality as a secondary outcome of interest. When evaluating length-of-stay, we used generalized estimating equations with negative binomial regression to compare the overall duration of hospitalization between patients admitted to LMIV and HMIV units, both before and after adjustment for demographic and clinical characteristics. We then repeated these analyses to assess ICU length-ofstay, as a secondary outcome. The exponentiated coefficients from these models were interpreted as the relative increase or decrease in hospital days or ICU days between the LMIV and HMIV groups.
Candidate variables for the multivariable models were those with nominal significance from bivariate analysis (at P<0.1 level) and included demographics (age, sex, race, bodymass index); medical history (diabetes, hypertension, dyslipidemia, tobacco use, peripheral arterial disease, cerebrovascular disease, chronic lung disease, renal dysfunction, metastatic cancer, leukemia or lymphoma, liver failure or cirrhosis, and immune deficiency or suppression); cardiac pathology (prior AMI, ischemic heart disease, and heart failure); presenting ICU diagnoses (ST-elevation AMI, location of AMI, cardiac arrest, heart block, cardiogenic shock, noncardiogenic shock, hypotension, sepsis, pneumonia, pulmonary embolism, respiratory failure, acute renal failure, and gastrointestinal bleeding); hemodynamics (admission and worst mean blood pressure and heart rate within the first 24 hours in the ICU); laboratory studies (admission and worst blood counts, creatinine, glucose, creatine kinase-MB subfraction, and troponin levels); and important medical interventions (percutaneous coronary intervention, thrombolytic therapy, endotracheal intubation, inotropic or vasopressor support, and acute dialysis). As a sensitivity analysis, all multivariable models were repeated after including APACHE-IV score as a covariate. In addition, given the potential for competing predictors of mortality among the candidate variables, the multivariable models were assessed for multicollinearity using the variance inflation factor. 13 Furthermore, to evaluate whether the differences in outcomes may have been explained by differences among ICU subtype designations, we calculated interaction terms for the comparison of LMIV and HMIV units, and the ICU specialty Lastly, given the significant clinical differences noted between the patient population admitted to LMIV and HMIV units, we performed a propensity match (1:3, meaning 1 LMIV patient matched to 3 HMIV patients) to evaluate mortality and lengthof-stay after accounting for these differences between the 2 populations. All baseline clinical characteristics, plus adverse outcomes occurring in the ICU, were used to perform this confirmatory match analysis. Given the structure of this retrospective analysis of deidentified clinical data, the security schema for the eRI was certified as meeting safe harbor standards by Privacert, Inc (Pittsburgh, PA). The study protocol was deemed exempt by the Institutional Review Board of the University of Maryland School of Medicine under 45 CFR 46.101(b). All authors have reviewed these data and agree to the manuscript as written.
Results
ICU and Patient Characteristics
The final analytic cohort consisted of 569 patients treated in 81 ICUs that had LMIV and 17 553 patients from 41 ICUs that were HMIV units ( Figure 1 ). Most ICUs in our analysis were located at nonteaching hospitals, but hospital size and teaching hospital status were not significantly different between the ICUs with LMIV and HMIV ( Table 2) . ICUs with LMIV were more commonly designated as medical, surgical, neurological, or mixed ICUs. In contrast, ICUs with HMIV were more likely to be labeled as coronary or cardiovascular surgical ICUs. The 10 most common admission diagnoses for the LMIV group encompassed a variety of surgical, medical, and neurologic diagnoses, whereas admission ICU diagnoses for patients in the HMIV group were almost exclusively cardiac (Table 3) .
Patients admitted to ICUs with LMIV were older, more likely to be female, and more likely to have atherosclerotic risk factors and established cardiovascular disease than patients admitted to ICUs with HMIV (Table 4) . These individuals also were more likely to have non-Q-wave AMI, other comorbid illnesses in addition to the primary admission diagnosis of AMI, and worse vital signs and laboratory studies plus higher rates of endotracheal intubation and inotropic or pressor support. However, peak troponin levels were lower in the LMIV group, and both medical and coronary reperfusion therapies for AMI were universally prescribed at lower frequencies than in the HMIV group ( Figure 2 ). Overall, these findings suggested a significantly higher degree of acute and chronic illness at ICU admission, as reflected by markedly higher APACHE-IV scores (52AE24 versus 41AE19, P<0.001) and Acute Physiology Score scores (38AE22 versus 30AE16, P<0.001) among AMI patients admitted to ICUs with LMIV. As an exploratory analysis, we also performed 3-way comparisons of these patient characteristics across the LMIV, intermediate volume, and HMIV units. In general, these data confirmed the graded decrease in overall risk profile when moving from LMIV to HMIV. For example, average patient age decreased, medical comorbidities such as diabetes, cerebrovascular disease, and renal dysfunction decreased, and the use of coronary reperfusion therapies increased while moving from LMIV to intermediate volume to HMIV (data not shown).
Patient Outcomes
Patients with AMI admitted to LMIV units had higher inhospital mortality than those admitted to HMIV units (11% versus 4%, P<0.001) (Figure 3) . Hospital length-of-stay was also nearly 2 days longer in these individuals (6.9AE7.0 versus 5.0AE5.0 days, P<0.001). Similar findings were noted for ICU mortality (6% versus 3%, P<0.001) and ICU length-of-stay (2.9AE3.6 versus 2.3AE2.6 days, P<0.001).
Other adverse clinical events also occurred more commonly among patients in the LMIV group (Table 5) , including both cardiovascular complications (atrial arrhythmias, hypotension, other acute coronary syndromes) and noncardiovascular events (sepsis, pneumonia, respiratory failure, renal failure, and gastrointestinal bleeding). Fewer patients in the LMIV group were discharged from the ICU to home or hospital floors, with more than 3-fold greater likelihood of being transferred to another ICU than the HMIV patients. When examining quality metrics, more patients in the LMIV group were at risk for noncardiac ICU complications (eg, venous thromboembolism, stress ulcers), but prophylactic therapies were prescribed at similar or higher rates than the ICUs with HMIV. Of the cardiovascular quality indicators, nearly twice as many patients had contraindications to bblocker therapy in the LMIV group, yet similar proportions of eligible patients (ie, those without contraindications) were treated with these medications. Among patients with STelevation AMI, percutaneous or thrombolytic coronary revascularization was performed less frequently within the first 24 hours of ICU admission in the LMIV patients. Of note, interventions by remote monitoring, by both eICU physicians and other eICU medical personnel, were performed more commonly for AMI patients treated in ICUs with LMIV.
Multivariable Models
When evaluating mortality, the unadjusted likelihood of experiencing in-hospital death ( 1 .00] for ICU length-of-stay). Of note, the variance inflation factor on the LMIV variable was 1.48, suggesting that collinearity between LMIV and the other independent variables in the multivariable models was low (usual cutoffs generally <5 or <10 in contemporary statistical literature).
Exploratory Analyses
In the secondary analysis evaluating whether ICU subtypes were related to clinical outcomes, for hospital mortality the interaction P-value was 0.18, and for ICU mortality the interaction P-value was 0.19. This implies that the effect of being admitted to an ICU with LMIV, in terms of both hospital and ICU mortality, did not depend on the ICU subtype (ie, cardiac versus noncardiac). Comparisons of patient characteristics among the subgroup of patients admitted to cardiology-specific ICUs demonstrated similar findings to the overall study, as AMI patients admitted to cardiology-specific ICUs with lesser AMI experience generally had more severe clinical presentations, lower utilization of evidence-based therapies, and worse in-hospital outcomes (Tables 6 and 7) . In-hospital mortality for this subgroup of patients in cardiology-specific ICUs was 8% for those admitted to ICUs with LMIV, versus 4% in the ICUs with HMIV (P=0.10). Length-of- stay also was longer in this exploratory analysis: 9AE11 days in the LMIV group, versus 5AE5 days in the HMIV group (P<0.001). Similar findings were noted when comparing ICU mortality (3% versus 3%, P=0.73) and ICU length-of-stay (4AE5 days versus 2AE3 days (P<0.001) between the LMIV and HMIV groups in cardiology-specific ICUs. As a whole, this subgroup analysis was consistent with findings from the overall study-albeit with fewer statistically significant comparisons due to the low numbers of patients in cardiologyspecific LMIV ICUs.
In the confirmatory match analysis, 543 of the 569 patients from the original LMIV group were able to be matched with HMIV patients, using all baseline characteristics from Table 4 and the adverse cardiovascular and noncardiovascular events from Table 5 . After propensity matching, there were slight differences in body-mass index (31AE18 kg/m 2 versus 29AE10 kg/m 2 , P=0.037) and both admission troponin-I values (20AE68 ng/mL versus 31AE72 ng/mL, P=0.007) and peak troponin-I values (24AE71 ng/mL versus 41AE80 ng/mL, P<0.001). None of the other 42 variables were significantly different after the match (all P>0.05). Within this matched population, there were no differences between LMIV and HMIV patients in experiencing in-hospital mortality (11% versus 10%, P=0.78), ICU mortality (6% versus 7%, P=0.53), hospital lengthof-stay (6.9AE7.0 versus 6.7AE7.0 days, P=0.66), or ICU lengthof-stay (2.9AE3.6 versus 3.1AE3.8 days, P=0.23).
Discussion
In this large clinical database of ICU patients managed with additional remote clinical oversight, we found that most patients with a primary diagnosis of AMI were admitted to ICUs with high annual AMI volume, and only a small proportion of these individuals (<5%) were triaged to ICUs with limited experience in AMI management. However, AMI patients in ICUs with LMIV represented an important minority as they required greater eICU involvement, experienced longer hospital courses, and were treated less frequently with therapies designated as quality indicators for AMI. Most importantly, these individuals experienced higher rates of adverse clinical events, including both ICU death and inhospital death, although these differences were no longer significant after accounting for chronic medical comorbidities 
Comparison With Prior Studies
To our knowledge, only 1 study has specifically evaluated the relationship between admission ICU and clinical outcomes after care in a specialty ICU. In an evaluation of ICUs participating in the initial APACHE-IV database between 2002 and 2005, Lott et al found higher mortality rates among the 8% of patients admitted to "non-ideal specialty" ICUs for several different admission diagnoses, including the 6% of patients with AMI admitted to "non-ideal" units. 2 Our analysis adds to these findings by including patients admitted to unselected ICUs outside of the APACHE-IV study. In addition, specialty ICU designation in the APACHE-IV study was identified by local study coordinators, whereas we avoided ambiguity related to the name of an ICU by specifically identifying ICU categories based on annual AMI volume. Although our approach may allow for some degree of confounding related to the primary patient subgroup treated in a given ICU (such as the higher rates of coronary artery bypass graft noted in the HMIV group of ICUs), these ICUs would nonetheless have familiarity with AMI management according to AMI volumes (ie, based on the definitions of HMIV and LMIV in this study). Furthermore, this volumeoutcome relationship has been demonstrated in multiple prior studies of patients with specific cardiovascular illnesses, as physicians or hospitals with greater experience managing these conditions generally demonstrate better clinical outcomes. 5, 6, [14] [15] [16] [17] [18] [19] For example, patients treated for heart failure by cardiologists had a reduced risk of readmission within 6 months and overall improved clinical outcomes, when compared with heart failure patients managed by internal medicine or family practitioners. 17 Other studies have demonstrated higher rates of guideline-based therapy and better clinical outcomes among higher-volume hospitals treating AMI. 5, 14, 16 Our study extends these findings to AMI patients requiring ICU care, which could provide an opportunity for individual hospitals to carefully evaluate their existing ICU triage systems between specialty units.
Clinical Implications
A key finding in this study is the difference in patient populations between those AMI patients admitted to ICUs with LMIV versus HMIV, as the burden of noncardiac comorbidities among those in the LMIV group likely contributes to the worse clinical outcomes in these individuals.
Although multiple prior studies have demonstrated significant variability in ICU triage patterns for patients with differing degrees of acute illness, [20] [21] [22] [23] the relationship between ICU triage and clinical outcomes cannot be reliably evaluated in our study. As a result, it remains unclear whether prospective triage of AMI patients at larger hospitals into a cardiac ICU would affect quality metrics, length-of-stay, or adverse clinical outcomes in these individuals. In addition, the high rates of best-practice metrics in both groups, with minimal difference in medical therapy between LMIV and HMIV units, likely reflects the oversight by eICU personnel during daily clinical practice, and may have reduced any potential differences in quality metrics and outcomes between the 2 groups of ICUs studied. Furthermore, while some studies have suggested that local hospital triage measures may improve resource utilization and use of guideline-based therapies, 2, 3, 24 the marked difference in patient characteristics in our study instead suggests that a prominent minority of ICU patients require critical care services that cross the boundaries of ICU-subspecialty expertise. Further assessment of ICU triage decisions at the hospital level may help improve local system-based care at some larger hospitals with multiple specialty ICUs, but we believe that a better understanding of cross-collaboration patterns between specialists may be even more important to best serve the most complex of ICU patients. This issue was raised by a recent scientific statement from the American Heart Association regarding the evolution of critical cardiac care, 25 and was echoed by the president of the Society of Critical Care Medicine in 2012. 26 In these statements, the authors comment how the management of critically ill cardiac patients has changed dramatically over time, with increasing prevalence of noncardiac comorbidities and noncardiac ICU issues such as mechanical ventilation, sepsis, and multiorgan system failure. As a result, some of the lack of differences in length-of-stay or mortality noted in our study may stem from the gradual development of systematic oversight from local hospital measures to account for the multiple medical problems affecting contemporary AMI patients. At a simple level, these may include additional cardiology consultations or external oversight from intensivists (or the eICU in our study) providing additional noncardiac care. 27 Reducing additional barriers such as obtaining timely
ECGs, identifying nurses with greater experience with accesssite monitoring after catheterization, or medication titrations performed by cardiology consultants rather than ICU intensivists alone could also impact the care of AMI patients in the ICUs with LMIV.
Study Limitations
Our study findings should be interpreted in the context of several important limitations. In addition to the selection and survival biases inherent to observational studies, the patients in our data set were admitted to ICUs with telemonitoring by eICU nurses and physicians-an extra level of medical oversight previously demonstrated to be associated with improved outcomes and quality metrics. [27] [28] [29] As a result, our findings may not be readily extrapolated to ICUs without remote monitoring. The presence of eICU care may have prevented additional deficiencies in medical care for patients with AMI (as noted by the higher rates of eICU interventions among the LMIV patients), and thus our use of an eICU data set may have attenuated the observed differences in care and outcomes between ICUs with LMIV and HMIV when compared with ICUs without such eICU oversight. Another important limitation is the inability to identify ICUs within the same hospital, due to privacy concerns related to potential risk of re-identification within the eRI database. This restricted our ability to account for similarities of patients or practice patterns at the hospital level, although we used extensive statistical adjustments to account for latent clustering of patients. Furthermore, the impact of management strategies such as open versus closed ICU care; nurse-to-patient ratio; ICU structure, staffing, and transfer patterns; cardiology consultation rates; overall AMI, interventional, and coronary artery bypass graft volumes per hospital; or physician specialty for a given ICU or patient were not assessed. Any of these important data points may have further influenced AMI outcomes, particularly among the sickest of AMI patients requiring ICU care. Nonetheless, the use of generalized estimating equations for statistical analysis may have helped mitigate some of the differences in hospital-level variability across ICUs, as this approach accounts for the multilevel correlation structure, including clustering on the top-level cluster (ie, hospital site in the present analysis). 30 Furthermore, the documentation of admission diagnoses, quality indicators, and medical care was performed by experienced critical care physicians and nurses in an eICU rather than coding specialists with limited medical training, and as a result the fidelity and accuracy of medical variables in the eRI database is likely to be quite high. Although underascertainment of individual patient comorbidities may have occurred while focusing on the critical illnesses prompting ICU admission, there is no a priori reason to expect that such under-reporting would vary according to annual AMI volume of a given ICU, and therefore would be unlikely to affect the overall study findings.
Conclusions
In summary, we found that patients with AMI who are admitted to ICUs with low annual AMI volumes have more extensive acute and chronic medical conditions, and are less likely to receive urgent coronary revascularization or other best-practice measures for AMI. Despite these findings, patients in ICUs with low AMI volume had similar mortality rates and lengths-of-stay when compared with patients in ICUs with high annual AMI volumes, after accounting for the differences in clinical characteristics and comorbidities within this sicker patient population.
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